
Computa(onal microscopy of membrane proteins: 

methods and tools

Ahmad Reza Mehdipour 

Center for Molecular Modeling 

Ghent University 

12.09.2022



Ahmad Reza Mehdipour      

Outline

Theoretical Biophysics 

Molecular dynamics (MD) simulations 

Applications of MD simulations in membrane biology 

Protein-lipid interaction: lipid flippase 

Advanced methods 

Future directions 



Ahmad Reza Mehdipour      

Theore(cal Biophysics

Microscopic & macroscopic relationships 

Microscopic World Macroscopic World 



Ahmad Reza Mehdipour      

Theore(cal Biophysics

Microscopic & macroscopic relationships 

Microscopic World Macroscopic World 

http://chemistry.tutorvista.com/

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Theore(cal Biophysics

Microscopic & macroscopic relationships 

Microscopic World 

Stochastic Process

Macroscopic World 



Ahmad Reza Mehdipour      

Theore(cal Biophysics

Microscopic & macroscopic relationships 

Microscopic World 

Stochastic Process

Macroscopic World 

Pressure 

Volume



Ahmad Reza Mehdipour      

Theore(cal Biophysics

 /

Microscopic World Macroscopic World 

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Theore(cal Biophysics

 /

Ludwig Boltzmann 
Founder of statistical mechanic/physics

Microscopic World Macroscopic World 

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Theore(cal Biophysics

 /

Ludwig Boltzmann 
Founder of statistical mechanic/physics

Microscopic World Macroscopic World 
Simple systems

Analytical solutions 

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Theore(cal Biophysics

 /

Microscopic World Macroscopic World 

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Theore(cal Biophysics

 /

Microscopic World Macroscopic World 

But for complex systems???

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Theore(cal Biophysics

 /

Microscopic World Macroscopic World 

But for complex systems???

Numerical solutions

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Theore(cal Biophysics

 /

Ludwig Boltzmann 
Founder of Statistical Physics

Microscopic World Macroscopic World 

Ludwig Boltzmann, in 21st centry

But for complex systems???

Numerical solutions

http://chemistry.tutorvista.com


Ahmad Reza Mehdipour      

Methods overview



Ahmad Reza Mehdipour      

Methods overview

Molecular dynamics simula=on 



Ahmad Reza Mehdipour      

Methods overview

Molecular dynamics simula=on 



Molecular docking 

Ahmad Reza Mehdipour      

Methods overview

Molecular dynamics simula=on 



Molecular docking 

Ahmad Reza Mehdipour      

Methods overview

Integra=ve modeling 

Molecular dynamics simula=on 



Molecular docking 

Ahmad Reza Mehdipour      

Methods overview

Structural bioinforma=csIntegra=ve modeling 

Molecular dynamics simula=on 



Molecular docking 

Ahmad Reza Mehdipour      

Methods overview

Structural bioinforma=csIntegra=ve modeling 

Molecular dynamics simula(on 



Ahmad Reza Mehdipour      

Structures are snapshots

Structural information
Static



Ahmad Reza Mehdipour      

Structures are snapshots

Structural information
Static

Structural information
Dynamic



Ahmad Reza Mehdipour      

Dynamics as (me-resolved phenomenon

From Eadweard Muybridge - Library of Congress Prints and Photographs Division; http://hdl.loc.gov/loc.pnp/cph.3a45870, Gemeinfrei



Ahmad Reza Mehdipour      

Dynamics as (me-resolved phenomenon

From Eadweard Muybridge - Library of Congress Prints and Photographs Division; http://hdl.loc.gov/loc.pnp/cph.3a45870, Gemeinfrei



Ahmad Reza Mehdipour      

Dynamics as (me-resolved phenomenon

From Eadweard Muybridge - Library of Congress Prints and Photographs Division; http://hdl.loc.gov/loc.pnp/cph.3a45870, Gemeinfrei



Ahmad Reza Mehdipour      

Dynamics as (me-resolved phenomenon

From Eadweard Muybridge - Library of Congress Prints and Photographs Division; http://hdl.loc.gov/loc.pnp/cph.3a45870, Gemeinfrei



Ahmad Reza Mehdipour      

Dynamics as (me-resolved phenomenon

From Eadweard Muybridge - Library of Congress Prints and Photographs Division; http://hdl.loc.gov/loc.pnp/cph.3a45870, Gemeinfrei



Ahmad Reza Mehdipour      

Dynamics as (me-resolved phenomenon

From Eadweard Muybridge - Library of Congress Prints and Photographs Division; http://hdl.loc.gov/loc.pnp/cph.3a45870, Gemeinfrei



Ahmad Reza Mehdipour 

Principles of molecular dynamics simula(ons 

How can we capture the dynamics of biomolecules?

Δt
????

t0 t1



Ahmad Reza Mehdipour 

Newton to rescue

How can we capture the dynamics of biomolecules?

Δt
????

t0 t1



Ahmad Reza Mehdipour 

Newton to rescue

How can we capture the dynamics of biomolecules?

Δt
????

t0 t1

Mass  
Coordinates 

Velocities 
Accelerations



Ahmad Reza Mehdipour 

Newton to rescue
Consider a protein at time t

Where will all atoms of the protein be at time t+Δt ?

Δt
????

Mass  
Coordinates 

Velocities 
Accelerations



Ahmad Reza Mehdipour 

F = ma 

Newton to rescue
Consider a protein at time t

Where will all atoms of the protein be at time t+Δt ?

Δt
????

Mass  
Coordinates 

Velocities 
Accelerations



Ahmad Reza Mehdipour 

Solution: discretised time step (∆t).
ri(t0)         ri(t0+∆t)        ri(t0+2∆t)        ri(t0+3∆t)        ri(t0+n∆t)     

F = ma 

Newton to rescue
Consider a protein at time t

Where will all atoms of the protein be at time t+Δt ?

Δt
????

Mass  
Coordinates 

Velocities 
Accelerations



Ahmad Reza Mehdipour 

We need to calculate the force!

! = −!!(!)
!! !

Potential energy 



Ahmad Reza Mehdipour 

We need to calculate the force!

! = −!!(!)
!! !

Potential energy 

U(r) = UBond + UAngle + UDihedral + UCoulomb + UVdW

Potential energy or force field 



Ahmad Reza Mehdipour 

We need to calculate the force!

Our potential function or ‘force field’ is defined by 
bonded and non-bonded interactions.

! = −!!(!)
!! !

U(r) = UBond + UAngle + UDihedral + UCoulomb + UVdW



Ahmad Reza Mehdipour 

We need to calculate the force!

Our potential function or ‘force field’ is defined by 
bonded and non-bonded interactions.

! = −!!(!)
!! !

[1]

[1] force field / Edboas CC BY-SA 3.0 

U(r) = UBond + UAngle + UDihedral + UCoulomb + UVdW



Ahmad Reza Mehdipour 

We need to calculate the force!

Our potential function or ‘force field’ is defined by 
bonded and non-bonded interactions.

! = −!!(!)
!! !

U(r) = UBond + UAngle + UDihedral + UCoulomb + UVdW



Ahmad Reza Mehdipour 

We need to calculate the force!

Our potential function or ‘force field’ is defined by 
bonded and non-bonded interactions.

! = −!!(!)
!! !

Electrostatic interaction

-

+

van der Waals forces

!!"# = !
!!"#!"
!!"

!"
−

!!"#!"
!!"

!
!

U(r) = UBond + UAngle + UDihedral + UCoulomb + UVdW



Ahmad Reza Mehdipour 

We need to calculate the force!

Our potential function or ‘force field’ is defined by 
bonded and non-bonded interactions.

! = −!!(!)
!! !

U(r) = UBond + UAngle + UDihedral + UCoulomb + UVdW



Ahmad Reza Mehdipour 

We need to calculate the force!

Our potential function or ‘force field’ is defined by 
bonded and non-bonded interactions.

! = −!!(!)
!! !

U(r) = UBond + UAngle + UDihedral + UCoulomb + UVdW

! = !!(! − !!)! + !!(! − !!)!
!"#$%!"#$

+ ! !! 1+ cos(!" − !)
!"!!"#$%

+ !!!!
!!!"!"#$"%&

+ !
!!"#!"
!!"

!"
−

!!"#!"
!!"

!

!"#
!



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 

! = !!(! − !!)! + !!(! − !!)!
!"#$%!"#$

+ ! !! 1+ cos(!" − !)
!"!!"#$%

+ !!!!
!!!"!"#$"%&

+ !
!!"#!"
!!"

!"
−

!!"#!"
!!"

!

!"#
!



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 

! = −!!(!)
!! !

! = !!(! − !!)! + !!(! − !!)!
!"#$%!"#$

+ ! !! 1+ cos(!" − !)
!"!!"#$%

+ !!!!
!!!"!"#$"%&

+ !
!!"#!"
!!"

!"
−

!!"#!"
!!"

!

!"#
!



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 

! = −!!(!)
!! !

 a =
F
m

! = !!(! − !!)! + !!(! − !!)!
!"#$%!"#$

+ ! !! 1+ cos(!" − !)
!"!!"#$%

+ !!!!
!!!"!"#$"%&

+ !
!!"#!"
!!"

!"
−

!!"#!"
!!"

!

!"#
!



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 

Simple algorithm to propagate system: 
1) Par=cle has posi=on x and velocity v at =me t 
2) Determine forces and accelera=on ac=ng on the par=cle 
3) Move the par=cle for =me step Δt 



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 

Simple algorithm to propagate system: 
1) Par=cle has posi=on x and velocity v at =me t 
2) Determine forces and accelera=on ac=ng on the par=cle 
3) Move the par=cle for =me step Δt 

x(t + Δt) = x(t) + v(t)Δt +
1
2

a(t)Δt2Update position:



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 

Simple algorithm to propagate system: 
1) Par=cle has posi=on x and velocity v at =me t 
2) Determine forces and accelera=on ac=ng on the par=cle 
3) Move the par=cle for =me step Δt 

x(t + Δt) = x(t) + v(t)Δt +
1
2

a(t)Δt2Update position:

Update velocity: v(x + Δt) =
x(t + Δt) − x(t)

Δt



Ahmad Reza Mehdipour 

Basic molecular dynamics simula(on algorithm 

Simple algorithm to propagate system: 
1) Par=cle has posi=on x and velocity v at =me t 
2) Determine forces and accelera=on ac=ng on the par=cle 
3) Move the par=cle for =me step Δt 

x(t + Δt) = x(t) + v(t)Δt +
1
2

a(t)Δt2Update position:

Update velocity: v(x + Δt) =
x(t + Δt) − x(t)

Δt

How small/large can ∆t be?
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Molecular dynamics simula(ons: Algorithm 

Initial coordinates r and velocities v

Compute potential U(r) and 
forces F on atoms

Update coordinates & 
velocities according to 

equations of motion

More steps?

Done!!!

No
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Structure refinement: 
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Add hydrogen atoms 
1. Titrable residues?  
2. pKa calcula;ons
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1. Removing steric clashes 
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MD simula(ons is based on classical mechanic

Priya et al,  Biomedical Image Analysis and Mining 
Techniques for Improved Health Outcomes, 2016

Atoms as hard spheres

bonds as harmonic springs
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Priya et al,  Biomedical Image Analysis and Mining 
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Quantum mechanics

Donchev, PNAS, 2005
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PfMATE
Hartmut Michel Sandra Zakrzewska

1.5 µs all-atom simulation of MATE transporter 
in an archaeal lipid bilayer

Zakrzewska, Mehdipour, ..., Hummer, Safarian, Michel. PNAS, 2019
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Future: from molecular biology to cell biology

10×10×14 nm
~ 100,000 Atoms

30×30×65 nm
~ 5,000,000 Atoms

14×14×16 nm
~ 280,000 Atoms

21×21×26 nm
~ 1,000,000 Atoms

Singh & Li, IJMS, 2019
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Mosalagan= et al, bioRxiv, 2021
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Future: More possibili(es

Simulation of an aerosol drop containing  
SARS-CoV2 virus 

Total number of atoms: 1.3 billion atoms 

Simulation time: 1 µs 

Rommie Amaro Lab, New York Times, 
2021

Cryo-electron-microscopy Alphafold MD simulations



Thank you! 


